ABSTRACT
INTRODUCTION
Studies and epidemiological observations have shown that both natural and experimentally induced immunity against bacterial and parasite molecules protect against subsequent infection, thus providing the rationale for developing novel and effective vaccines against a series of devastating diseases that have, so far, been difficult to control. For example, in the case of malaria, for which a vaccine is urgently needed, people living in endemic countries who are continuously exposed to Plasmodium falciparum slowly develop a form of natural acquired immunity (NAI) that significantly reduces malaria morbidity and the rate of severe disease episodes (2) . Progress in understanding how the immune response ultimately controls the infectivity and the growth of the malaria parasite has been slow because of the lack of suitable animal models and in vitro assays for measuring the level of protective immunity in vivo. None of the immune responses identified in humans against P. falciparum antigens correlates unequivocally with either protection from infection or decreased morbidity. This lack of basic knowledge has hampered the development of an effective vaccine (4, 13, 27) .
Studies of vaccine development and immune response have focused on analyzing either the entire organism (killed or attenuated) or a few antigens at a time. Bacterial-and parasite-encoded molecules have been studied and proposed as vaccine candidates with a priority that has been largely dominated by the stochastic order in which the corresponding genes have been discovered. Now the genome sequences of many bacteria and parasites of great medical importance are nearly completed. This provides about 4000-5000 candidate proteins for each microorganism and multiple variants of many of the corresponding genes. New experimental approaches must be sought to identify, among this challenging number of microbial molecules, those that are responsible for inducing the NAI observed in the field. DNA microarrays have been utilized to unravel genes differentially expressed by microorganisms under different growth conditions and at different developmental stages, as well as to identify genes selectively expressed by virulent strains (3, 16) . This has significantly increased our knowledge of environmental-and stage-specific transcripts in different microorganisms (20, 30) . Proteomic analysis and developments in liquid chromatography mass spectrometry promise to unravel the entire repertoire of proteins expressed at different metabolic and developmental stages in distinct subcellular compartments (8) . Genomic information, transcription profiles, and proteomic analysis will be extremely helpful in predicting protein function and their likely subcellular localization, as well as to identify genes that contribute to virulence and pathogenesis. However, all these data combined together will provide little information about the ability of microbial molecules to elicit a protective immune response. High-throughput assays for measuring the cell-mediated and humoral immune responses against a vast repertoire of microbial proteins in large groups of individuals would be needed to fill the gap between genomic data and vaccine development.
Available protein microarray technology represents a suitable tool to investigate the humoral immune response against the entire proteome of microbial organisms. Arrayed proteins retain their ability to interact specifically with other proteins, antibodies, or with small molecules in solution. Proteins chips have been employed to screen biochemical activities, protein-protein, protein-DNA, and protein-ligand interactions in a highthroughput fashion (22) and to reveal the presence of low concentrations of multiple analytes, such as cytokines and hormones and tumor antigens in complex solutions (22, 39) . The entire proteome of a yeast has been arrayed on glass slides and screened for binding of proteins and lipids (38) . The past 2 years have also seen remarkable progress in the development of antigen microarrays for the detection of specific antibodies in clinical samples (1, 18, 24, 31) . These findings demonstrate the enormous potential of protein microarrays for studying the humoral immune response of large groups of individuals against bacterial and parasitic proteins on a whole-genome scale. Challenges that need to be overcome include: (i) the production and the array of a large number of recombinant microbial proteins; (ii) the validation, in terms of performance and stability, of each arrayed antigen; and (iii) the development of novel array formats for studying the cell-mediated immune response.
PROTEIN MICROARRAY TECHNOLOGY
More than a decade ago, the ambient analyte assay theory described the principle of miniaturized multiple microspot ligandbinding assay (10, 11) . It was demonstrated that an assay format using a small amount of capture molecule and sample could be extremely sensitive. This is due to the combination of two factors that improve both the detection and the kinetics of capture molecule-sample ligand interactions. The capture molecules are packed in a small area, and this maximizes the signal density generated by the ligand. The capture molecules subtract only minute amounts of ligand from the sample, and therefore, its concentration does not decrease over time. By using this system, thyroid-stimulating hormone (TSH) and hepatitis B surface antigen (HbsAg) could be quantified down to femtomolar concentrations (10, 11) . The establishment of automated robust microdeposition technologies has recently allowed the development of high-density ordered arrays of proteins and nucleic acids (29) . This assay format incorporates key features, such as true parallelism, miniaturization, and highthroughput, that could overcome most of the current enzyme-linked immunosorbent assay (ELISA) limitations
High-Throughput Proteomics: Protein Arrays 25 The values obtained in this clinical study show a good concordance between the microarray immunoassay and the commercial ELISAs. (35) , which include the requirement of large quantities of both sample and reagents, limited throughput, and time-consuming procedures, thus ultimately limiting their application for mass screening (19, 32) . Ordered arrays of peptides have been used for unraveling protein-protein and protein-nucleic acid interactions (7, 12) . Previous reports have shown that protein arrays printed on membranes can be utilized to screen expression libraries for binding to target molecules, as well as to unravel protein binding to either RNA or DNA (5, 6, 14, 21) . More recently, arrays have been generated for high-throughput screening of recombinant antibodies (9) . These antibody arrays contain thousands of bacterial clones, each expressing a different single chain antibody. Proteins covalently bound to glass slides were shown to retain their ability to interact specifically with other proteins or with small molecules in solution (22) . Protein arrays have also been used to develop comparative fluorescence assays to measure the concentrations of several specific proteins and antibodies in complex solutions (15, 17, 36, 37) . These studies have shown that protein microarrays could provide a practical means to quantify thousands of different protein species in clinical or research applications. In spite of these advances, the development of protein arrays for research and clinical applications has lagged behind, because of the poor stability of proteins, complex coupling chemistry, and weak detection signals. High-density protein arrays remain difficult to generate and validate for clinical use.
PROTEIN MICROARRAYS FOR CLINICAL DIAGNOSIS
Protein arrays were initially employed for diagnostic immunoassays, in which several sample parameters could be simultaneously analyzed. In the simplest configuration, utilized for serodiagnosis, arrayed antigens are exposed to clinical samples. Bound immunoglobulins (Ig) are revealed using labeled secondary antibodies. Protein microarrays have been used to assess the titer of autoantibodies directed against a series of diagnostic markers for autoimmune diseases arrayed on a glass slide (18) . Protein microarrays have also been employed for determining in human sera the presence of specific IgG and IgM antibodies directed against parasitic and viral antigens including Toxoplasma gondii, cytomegalovirus, rubella virus, and herpes simplex virus types 1 and 2 ( Figure 1 ). Regression analysis demonstrated that linear dose-response curves are obtained by plotting photomultiplier counts against bound Igs (Figure 2 ). These microarray assays incorporated internal calibration curves for each Ig subclass, which provides unique advantages over current immunoassay protocols, where the standard curve and the sample are processed in separate tubes or wells. In conventional assays, matrix problems (differences between the standard and sample matrix) occur frequently and represent a known source of bias. In contrast, in microarray assays the internal dose-response curve compensates for variability in the physicochemical conditions of the sample, thus minimizing the occurrence of matrix effects (24) . These studies demonstrated that a protein microarray assay, using indirect fluorescence, can be employed to determine in human sera the presence or absence of specific antibodies directed against a variety of antigens (Figure 3) .
The analytical sensitivity of the assays was around 0.5 pg of antibody bound to specific antigens, which is well within the range of performance of clinically validated ELISA kits (24) . Higher levels of sensitivity require the introduction of an amplification step in the detection procedure. Two different amplification protocols have been developed to reveal allergen-specific IgE, which circulate in the serum at subnanomolar concentrations. The first protocol utilizes an adaptation of the rolling circle amplification (RCA) reporter system for the detection of bound antibodies called immunoRCA. Here an oligonucleotide is covalently attached to a secondary antibody. In the presence of circular DNA, DNA polymerase, and nucleotides, amplification results in a long DNA molecule containing hundreds of copies of 26 High-Throughput Proteomics: Protein Arrays R RE EV VI IE EW W Figure 2 . Dose-response curves generated by arrays incubated with serum samples. The arrays were incubated with two different serum samples (A and B) , and measurements were interpolated from the dose-response curves generated by plotting the fluorescence intensity as a function of printed amounts of IgG (blue diamonds).
the circular DNA sequence that remain attached to the antibody and that can be detected in a variety of ways (31) . Using immunoRCA, analytes were detected at sensitivities exceeding those of conventional enzyme immunoassays. Microarrays incorporating a RCA amplification procedure have been used in clinical studies to detect allergen-specific IgE. The results validated the use of the RCA amplification step in microarray immunoassays for the detection of allergen-specific IgE with a performance similar to commercially available assays (31) . The second protocol utilizes tyramide signal amplification to develop a high sensitivity microarray assay to reveal the presence of allergen-specific IgE in human sera. Tyramide signal amplification uses the catalytic activity of horseradish peroxidase (HRP) to generate high-density labeling of a target protein or nucleic acid sequence in situ (26) . This procedure has been previously used for nucleic acid detection (25) or immunohistochemistry (33) . The results of this work showed that the tyramide amplification system, similarly to RCA, dramatically increased the performance of protein microarray assays. Using 10 µL of serum, <1 fg of bound antibody could be easily detected (1) (Figure 4 ). Moreover, a clinical study performed using an allergen microarray incorporating tyramide amplification showed good concordance with commercial ELISAs (Table 1 ). These studies demonstrate the enormous potential of protein microarrays in the serodiagnosis of infectious diseases and for studying the immune response of large groups of individuals against bacterial and parasitic proteins.
ANALYSIS OF THE IMMUNE RESPONSE AGAINST MICROORGANISMS ON A WHOLE-GENOME SCALE
Protein microarrays represent the tool of choice for studying the humoral immune response against the entire protein repertoire of complex microorganisms, such as bacteria and parasites. Available technology can be used to array on a glass slide all 4000-6000 proteins usually encoded by bacterial and parasitic genomes. These arrays could prove invaluable in unraveling the complexity of the humoral immune response against a vast repertoire of microbial-encoded molecules and to identify the antigens that, either alone or in combination, function as a target of the protective immunity. The major limiting step for the development of microrrays, containing the entire parasitic and bacterial proteome, is the production and purification of a large number of microbial proteins in a high-throughput and standardized manner. In yeast, pioneering studies have demonstrated that it is possible to generate expression clones of 85%-90% of the open reading frames for large-scale biochemical analysis (23) . More recently, the entire proteome of a yeast strain has been arrayed on glass slides and screened for binding of proteins and lipids (38) . Novel cloning and expression procedures have the potential to overcome the difficulties of large scale traditional cloning. One of these systems, the Gateway cloning system, is increasingly being used to clone large numbers of coding sequences from sequenced genomes (34) . PCR products of each coding sequence are mass-generated using specific oligonucleotides that incorporate bacteriophage recombination sites. In the presence of the appropriate recombinase, the amplified genes are inserted in the vector and screened. The empty vector contains a suicide gene that permits growth only in a limited number of bacterial strains. Nonrecombinant clones fail to propagate. Once the gene has been inserted into an entry vector, it can be shuffled to any number of different expression vectors for production in bacterial, mammalian, or insect cell lines. The protein can also have different types of tags, depending on the vector used, and these tags are useful during the purification of the protein from cells. All the reactions involved are simple and rapid in contrast to traditional digestion and cloning procedures. This strategy will allow the development of large expression banks for the selected microbial proteins. Individual clones will be identified within the bank using insert-specific probes hybridizing either onto the coding sequence or onto unique noncoding flag sequences inserted with the amplification procedure. We are currently developing protein microarrays containing malaria parasite proteins that, on the basis of their primary sequence or from experimental evidence, are either secreted or localized on the surface of malaria parasites. The first protein chip will contain most of the P. falciparum antigens currently being investigated for their ability to elicit protective immunity in animals and humans in vaccine trials. A second generation of microarrays will contain recombinant proteins that, on the basis of their primary structure or from experimental evidence, are predicted to be either secreted or exposed on the surface of the malaria parasite. These molecules are likely to be directly exposed to the action of serum antibodies and, therefore, could function as targets of natural acquired immunity. The performance of the microarrays in terms of sensitivity, reproducibility and stability will be validated using a group of serum samples that have been collected from individuals living in different areas of a malaria endemic country (28) . Preliminary results indicate that the immune response detected by protein microarrays against a set of arrayed malaria antigens is in agreement with previous data obtained by analyzing the same group of sera in ELISA and immunoblot. Protein microarrays, containing a significant fraction of the bacterial and parasitic proteome, will shed new light on both the quantitative and qualitative aspects of the humoral immune response. The development of protein microarrays for the analysis of the cellmediated immune response remains a major challenge. In the near future, hydrogel-coated slides will facilitate the development of cell arrays. In combination with cell arrays, progress 28 High-Throughput Proteomics: Protein Arrays R RE EV VI IE EW W in both antigen arraying and in assays for cytokine detection at the site of production, promises to overcome current limitations to our understanding of the cell-mediated immune response.
